Abstract Leishmania amazonensis is the etiological agent of diffuse cutaneous leishmaniasis. The immunopathology of leishmaniasis caused by L. amazonensis infection is dependent on the pathogenic role of effector CD4 + T cells. Purinergic signalling has been implicated in resistance to infection by different intracellular parasites. In this study, we evaluated the role of the P2X7 receptor in modulating the immune response and susceptibility to infection by L. amazonensis. We found that P2X7-deficient mice are more susceptible to L. amazonensis infection than wild-type (WT) mice. P2X7 deletion resulted in increased lesion size and parasite load. Our histological analysis showed an increase in cell infiltration in infected footpads of P2X7-deficient mice. Analysis of the cytokine profile in footpad homogenates showed increased levels of IFN-γ and decreased TGF-β production in P2X7-deficient mice, suggesting an exaggerated pro-inflammatory response. In addition, we observed that CD4 + and CD8 + T cells from infected P2X7-deficient mice exhibit a higher proliferative capacity than infected WT mice. These data suggest that P2X7 receptor plays a key role in parasite control by regulating T effector cells and inflammation during L. amazonensis infection.
Introduction
Leishmaniasis is a parasitic disease transmitted by the bite of infected sandflies of the genus Phlebotomus in the Old World and the genus Lutzomyia in the New World. Eleven million people are infected by the Leishmania parasite worldwide, and 2 million new infections are reported annually [1] . Approximately 90 % of all Leishmania infections are cutaneous forms; they are characterized as multilocular, chronic or Peru and Bolivia [2] . During transmission, the sandflies inoculate the infective forms of Leishmania, named promastigotes, into the skin, and the dermal macrophages internalize them. Promastigotes become amastigotes inside the macrophages and multiply intracellularly until the cells are disrupted [1] . The high capacity of L. amazonensis to evade the microbicidal effects of macrophages appears to be the most important factor that allows this parasite to sustain the infection. Nitric oxide (NO) and reactive oxygen species (ROS) are microbicidal molecules that are required to promote the resolution of in vitro infection [3] . However, L. amazonensis has been described as resistant to ROS-induced death [4] . Extracellular nucleotides and their metabolites have been recognized as highly important signalling molecules that can mediate an array of physiological processes, including pain sensation and immune responses. These extracellular nucleotides trigger multiple downstream events by binding to cell surface receptors called P2 nucleotide receptors, which are divided into two major subfamilies: G-protein-coupled P2Y receptors that can bind ATP, ADP, UTP, UDP and UDP-glucose and ionotropic P2X receptors that are activated by ATP [5] . Most P2X and P2Y receptor subtypes are expressed in immune cells [6] . The stimulation of P2X receptors, in particular P2X7, is a key process in a variety of inflammatory conditions and responses to infectious agents, such as Mycobacterium tuberculosis, Chlamydia trachomatis and Toxoplasma gondii [7] [8] [9] [10] [11] . P2X7 receptor stimulation leads to the activation of multiple immune signalling pathways, including the MyD88/NFκB pathway and the phospholipase D pathway [12] . In addition, this receptor induces ROS production and apoptosis, mechanisms that have important anti-pathogenic roles [13] . ATP also rapidly induces autophagy in human and mouse macrophages, resulting in mycobacterial killing in a process dependent on Ca ++ influx [14] . Previous studies from our group have already demonstrated that ATP induces resistance in macrophages infected by L. amazonensis through the stimulation of the P2X7 receptor [15] via a mechanism involving ROS and leukotriene B4 (LTB4) production, which is dependent on 5-lipoxygenase in the host cells [16] . In vivo infection by L. amazonensis leads to different immune responses compared to infection by other species that cause cutaneous leishmaniasis, such as L. major. The Th1/Th2 dichotomy is not observed in L. amazonensis infection because a mixed frequency of CD4 + T cells producing IFN-γ and IL-4 is found during the infection [17] . Interestingly, effector CD4 + T cells are associated with disease pathology [18] , while regulatory T cells are associated with lesion resolution [19] .
Considering that (i) P2X7 receptor has a role in host resistance against a wide variety of microbial pathogens, (ii) P2X7 activation regulates T cell activation and proliferation, and (iii) the immune response against L. amazonensis infection depends on the pathogenic role of effector T cells, in the present study, we investigated whether the P2X7 receptor modulates inflammatory responses during in vivo infection by L. amazonensis using P2X7-deficient mice.
Materials and methods

Parasites
Amastigotes of L. amazonensis (strain MHOM/BR/75/Josefa) were isolated from a mouse lesion and allowed to transform into axenic promastigotes by maintenance at 27°C in 119 medium (M199) (Sigma) supplemented with 10 % heatinactivated foetal bovine serum (FBS, Cultilab), 100 U/ml penicillin, 100 μg/ml streptomycin and 0.25 % hemin (Sigma).
Animals
Male C57BL/6 mice (WT) and P2X7 receptor knockout (KO) mice (originally from the Jackson Laboratory, USA) were bred in the Animal House of Transgenic Mice of Federal University of Rio de Janeiro. Mice aged 8-10 weeks were used for the experiments. The animals were maintained at 22°C in a 12-h light/dark cycle. The Commission for Ethical Use of Research Animals (CEUA) of Federal University of Rio de Janeiro approved the animal experimentation protocols under number IBCCF154.
Macrophage infection
Peritoneal macrophages were isolated from WT and KO mice and plated (10 6 cells) in 24-well plate dishes containing glass slides for 1 h at 37°C. Then, the cultures were washed with warm PBS to remove nonadherent cells and maintained in Gibco® Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % FBS (Cultilab), 100 U/ml penicillin, and 100 μg/ml streptomycin for 24 h at 37°C. The cells were incubated with L. amazonensis promastigotes at a ratio of 1:5 for 4 h at 37°C in 5 % CO 2 . The cellular monolayers were washed with PBS to remove free parasites and fixed with 4 % formaldehyde for 30 min before staining with MayGrumwald-Giemsa (Panótico Rápido, Laborclin). The same staining was performed after 24 h of infection in the cells maintained at 37°C. The cells were photographed under an optical microscope, and the parasite loads were estimated by counting at least two hundred macrophages. The index of infection was calculated by this formula: (% of infected macrophages × parasites/infected macrophages) / 100.
In vivo infection
P2X7 KO and WT mice were infected subcutaneously with 1 × 10 6 L. amazonensis promastigotes in the right footpad. The lesion was measured every 7 days with a dial calliper (Mitutoyo) and expressed as the difference between the thickness of the infected and uninfected paws [20, 21] . At 47 days postinfection (DPI), the mice were euthanized, and their footpads and popliteal lymph nodes were removed for analysis. The infected paw was cut off, weighed and individually homogenized in 1 mL of supplemented M199 using a tissue grinder. The number of viable cells was determined by a haemocytometer using Trypan blue exclusion. Parasite load was then analysed by the limiting dilution assay [22] . Briefly, under sterile conditions, serial fourfold dilutions were prepared and distributed in 96-well microtiter plates in triplicate. After 14 days of incubation at 27°C, the wells were examined with an inverted microscope at ×200 magnification for the presence or the absence of promastigotes. The final titre was the last dilution for which the well contained at least one parasite. The result is expressed as parasites/footpad.
Cytokine dosage
The macerated footpad was filtered using a 40-μm cell strainer (BD). The cellular suspension was centrifuged for 10 min at 750×g. IL-10, IL-4, IL-12p40, IFN-γ, IL-17 and TGF-β levels were determined in cell supernatants as described by de Matos Guedes et al. [23] .
Flow cytometry analysis
T cell proliferation was evaluated with viable cells obtained from popliteal lymph nodes. The cells were stained with 5 μM CFSE (Invitrogen) and incubated with 1.25 μg/ml anti-CD3 (mAb 145-2C11) in supplemented DMEM for 48 h at 37°C. Then, the cells were incubated with anti-CD4 (PerCP Cy5.5 mAb RM4-5) and anti-CD8 (PE mAb 53-6.7) as recommended by the manufacturer (eBioscience) for 30 min. The staining was evaluated by flow cytometry acquisition of 50,000 events in a FACSCanto. The results were analysed using the FlowJo software.
Histological analyses
Each tissue specimen was fixed in formalin, decalcified in Morse solution and embedded in paraffin. Histological sections of 5 μm in thickness were stained with haematoxylin and eosin. The histopathological changes between WT and P2X7 KO mouse lesions were observed using an optical microscope (Olympus®) at ×100 and ×400 magnification. The morphological parameters analysed in the epidermis were acanthosis, dyskeratosis, papillomatosis, exocytosis, hyperkeratosis in the dermis, plasma exudation and cellular exudation, inflammatory infiltrate production (polymorphonuclear (PMNs), eosinophils and mononuclear cells), giant cells and granuloma formation.
Statistical analysis
The groups were compared using Student's t test. The statistical significance of differences between groups was evaluated using a one-way ANOVA coupled to Tukey's post hoc test. All statistical analyses were performed using the statistical GraphPad Prism® software, version 4, and p values <0.05 were considered significant.
Results
P2X7 KO mice are more susceptible to L. amazonensis infection
The in vitro treatment of macrophages with ATP has previously been shown to control L. amazonensis infection [15] . To determine if the ATP effect was due to stimulation of the P2X7 receptor, we infected P2X7 KO mice with L. amazonensis (Fig. 1) . We observed that P2X7 KO mice were more susceptible to infection by L. amazonensis and had larger lesions in their footpad at 35 DPI (Fig. 1a) . At day 47 after infection, we determined the parasite load in the paws. P2X7 KO mice had a higher parasite load (Fig. 1b) and a higher number of cells in the footpad compared to infected WT mice (Fig. 1c) . These results suggest a more pronounced tissue inflammation in P2X7 KO mice.
P2X7 KO mice exhibit increased Th1 inflammation during L. amazonensis infection
To further assess the accumulation of cells in the infected footpads of P2X7 KO mice (Fig. 1c) , we performed tissue histology. In contrast to the uninfected footpads of WT (Fig. 2a) and P2X7 KO (Fig. 2b) mice, we observed that infection induced epidermal hyperplasia and cellular infiltration mainly by mononuclear cells in P2X7 KO footpads. Disruption of the dermal barrier (asterisks) was observed in both mouse genotypes but was more pronounced in P2X7 KO mice (Fig. 2c, d ). In addition, we observed a more vacuolated mononuclear cell infiltrate (diamond), which is directly related to parasite load, in the P2X7 KO mice compared to WT mice (Fig. 2e, f) .
We quantified the cytokines in the infected tissues to determine which type of inflammatory response was associated with the increase in tissue damage and mononuclear cell infiltration. We observed higher levels of IFN-γ (Fig. 3a) and IL-10 ( Fig. 3b) in P2X7 KO mice, with low IL-12p40 (Fig. 3c) , IL-4 ( Fig. 3d) , IL-17 ( Fig. 3e) and TGF-β (Fig. 3f ) levels in P2X7 KO mice compared to infected WT mice. The reduced Th2 (IL-4), Th17 (IL-17) and Treg (TGF-β) cytokines and increased IFN-γ suggested that the inflammation was associated with the Th1 response.
Importantly, we did not observe significant changes in IL12p40, IL-10 and TGF-β levels footpad from WT in comparison with P2X7 KO noninfected mice. In addition, IFN-γ, IL-4 and IL-17 were not detected in the footpad from noninfected mice.
Excessive T cell proliferation is associated with P2X7 receptor deletion
The increase in IFN-γ in the infected footpads of P2X7 KO mice suggests an increase in T cell number. We studied the anti-CD3-induced proliferation in T cells from popliteal lymph nodes of infected WT and P2X7 KO mice. We observed that the proliferation of CD4 + cells from infected P2X7 KO mice after stimulation with anti-CD3 was 2.5-fold higher (37 ± 2, mean ± SD) than the proliferation of CD4 + cells from infected WT mice (15 ± 2, mean ± SD) (Fig. 4b, d) . No difference was observed between CD4 + cells from WT (2.03 ± 0.03, mean ± SD) and P2X7 KO mice (5 ± 1, mean ± SD) without anti-CD3 (Fig. 4a, c) . The proliferation of CD4 + cells from uninfected P2X7 KO mice was only 1.16-fold higher than the proliferation of CD4 + cells from uninfected WT mice (data not shown). The CD8 + T cells from infected P2X7 KO mice also showed 1.94-fold higher proliferation (64 ± 3, mean ± SD) than the CD8 + cells from WT mice (33 ± 5, mean ± SD) (Fig. 4f, h ). Additionally, the proliferation of CD8 + cells from uninfected P2X7 KO mice was only 1.24-fold higher than the proliferation of CD8 + cells from uninfected WT mice (data not shown). No difference was observed between CD8 + cells from WT (2.7 ± 0.4, mean ± SD) and P2X7 KO mice (6 ± 1, mean ± SD) without anti-CD3 (Fig. 4e, g ).
Discussion
Several lines of evidence indicate that purinergic receptors contribute to controlling and resolving parasite infections Fig. 1 Susceptibility to L. amazonensis infection in P2X7 KO and WT mice. P2X7 KO and WT mice were subcutaneously infected in the footpad, and the lesion development was monitored until the 47th day. a Lesions were significantly larger in P2X7 KO mice than in WT mice on day 36 (b, c) . The parasitic load and total cells in P2X7 KO and WT mouse footpads. Bars represent the mean ± standard error of the mean of three independent experiments performed with three animals. *p < 0.05; **p < 0.01 using Student's t test and one-way ANOVA coupled to Tukey's post hoc test comparing infected P2X7 KO and WT mice at the same timepoint [13, 24, 25] . The role of the P2X7 receptor in a wide range of infectious diseases has been studied in vitro and in vivo using P2X7 KO mice [10, 26, 27] . The P2X7 receptor appears to be crucial during the immunological response against M. tuberculosis because P2X7 KO mice had a higher bacterial burden in the lungs than WT mice when infected with a lowvirulence strain, H37Rv Mtb [7] . On the other hand, the P2X7 receptor contributed to tissue damage in infection caused by a highly virulent strain of M. tuberculosis [27] . In addition, P2X7 KO mice infected with Toxoplasma gondii lost significantly more weight than WT C57BL/6 J mice after infection. Interestingly, WT C57BL/6 J mice, in turn, also lost more weight than WT BALB/c mice [26] and had more gut damage in a model of ileitis [11] . This suggests that there is a relationship between the P2X7 receptor sensitivity and the ability of these mice to respond to and eliminate intracellular pathogens because WT C57BL/6 J mice have a proline to leucine polymorphism at amino acid 451 in the C-terminal tail of the P2X7 receptor, which reduces the P2X7 sensitivity to ATP [28] . In murine model of colitis, P2X7-deficient mice showed reduced tissue damage in the colon [29] and faster recovery from epithelial damage caused by an inducing agent [30] . Nevertheless, we observed that the absence of the P2X7 receptor during in vivo infection caused by L. amazonensis resulted in more severe injury in mice. The literature shows that the P2X7 receptor has an important role in controlling infection and inflammation, but its contribution to both of these processes depends on the inflammatory context and the pathogenic microorganism.
We previously reported that the P2X7 receptor plays a key role in the control of in vitro infection by L. amazonensis, using a selective P2X7 antagonist [15] . Recently, we showed that P2X7-mediated L. amazonensis elimination involves 5-lipoxygenase activation and LTB4 secretion in infected macrophages [16] . However, no studies have addressed the role of the P2X7 receptor during L. amazonensis in vivo infection. Here, we examined the contribution of the P2X7 receptor to the in vivo immune response against L. amazonensis using a murine model of leishmaniasis, which has been widely used to characterize the immunobiology of Leishmania infection. We observed a higher burden of L. amazonensis and an increased cellularity in footpads of P2X7 KO mice compared to infected WT mice. In addition, P2X7 KO mice developed lesions earlier compared to the control group, suggesting that P2X7-deficient mice are more susceptible to L. amazonensis infection. However, pathological severity is not always associated with parasite load in P2X7 KO mice, as observed in ileitis caused by Toxoplasma gondii. Instead, the inability of P2X7-deficient mice to limit production of NO can explain the damage in the infected gut in this model [11] .
The P2X7 receptor is crucial for a productive immune response against pathogens because it not only modulates macrophage responses but also regulates T cell functions. Prolonged stimulation of P2X7 is essential to control T cell activation and proliferation by inducing apoptosis [31] . P2X7 receptor deletion exacerbated experimental autoimmune encephalomyelitis due to reduced apoptotic activity in T lymphocytes. In this model, T cells from P2X7-deficient mice proliferated more vigorously in response to antigen stimulation [32] . Furthermore, P2X7-deficient mice infected with L. monocytogenes exhibit higher frequencies of IFNγ + CD8 + T cells [33] . In accordance with these reports, we also observed a higher proliferation of CD4 + and CD8 + effector T cells and increased IFN-γ levels in paws from infected P2X7 KO mice. This excessive T cell proliferation might contribute to the pathogenesis in leishmaniasis because CD4 + T cells have a pathogenic role [18] , while regulatory T cells have a protective role in this disease [19] .
The excessive Th1 response and the increased levels of IFN-γ observed in P2X7 KO mice in this study may be related to the failure in control L. amazonensis infection because macrophages pretreated with IFN-γ are more susceptible to Leishmania infection [34] . In addition, P2X7 receptor activation by ATP potentiated IFNγ-induced NO production in microglia [35] . Similarly, we observed a reduction in NO and ROS production in peritoneal macrophages from P2X7 KO mice compared to WT mice, suggesting an inefficient innate immune response in the inflammatory environment of P2X7 KO mice (unpublished data). Thus, the failure to respond by P2X7-deficient macrophages should not be ruled out.
Furthermore, following the increase in IFN-γ, we observed an increase in IL-10. This response could be related to the increase in parasite load. The production of IL-10 that is associated with disease is produced by T cells and not the macrophages in Leishmania infection [36, 37] . IL-10 has been shown to impair IFN-γ response in leishmaniasis [37, 38] . The production of IL-10 could be stimulated by negative feedback from a strong IFN-γ response by Th1 cells [39] . IL-10 production by Th1 cells has been shown to fail to control Toxoplasma and L. major infections [40, 41] . Thus, the increase of IL-10 levels might also be involved in the failure to control the parasite. Here, we showed lower levels of IL-12 in footpads of infected P2X7 KO mice compared to infected WT mice. The IL-12 observed in P2X7 KO mice can result from downregulation of IL-10 because IL-10 negatively regulates several cell types, including macrophages [42] . Finally, the differences observed in cytokine IL-4 may not be related to resistance or susceptibility to Leishmania amazonensis, as demonstrated previously in infected patients and C57BL/6 mice with infected footpads [21, 43] . Therefore, we propose that P2X7 receptor expression is important for proinflammatory cytokine IL-17 and IL-12 secretion and modulation of IL-10, which together leads to L. amazonensis infection control.
In summary, the P2X7 receptor deletion promotes an excessive inflammation that results in tissue damage and high parasite load. Our study describes for the first time a crucial role of the P2X7 receptor in the homeostatic regulation of T cell responses and function during Leishmania infection. Finally, our findings highlight the role of purinergic signalling in controlling leishmaniasis, supporting the idea that the P2X7 receptor may represent a suitable therapeutic target for the development of treatments against infectious inflammatory diseases.
